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Abstract
Secondary salinity is one of the most serious land degradation hazards in the
wheatbelt. Although detailed hydrogeological investigations are required to study the
processes involved, catchment planning requires tools which can provide cost-
effective hydrogeological information at the regional scale.
The East Yornaning Catchment, situated 25 km north of Narrogin, Western Australia,
was studied to assess the use of airborne electromagnetic data for interpreting
catchment hydrogeology and in particular to see if the data could be used to quantify
any of the variables required for distributed groundwater modeling.
The results of the study indicate that the regoliths electrical conductivity is linearly
related to its salinity but that the volumetric water content and possibly also the
transmission coefficient (tortuosity) may influence the slope of the regression line.
The influence of clays on electrical conductivity is very subtle, so that variations in
clay content or mineralogy are unlikely to be detected unless they are related to one
of the dominant variables, such as the regolith water or salt content.
A sensitivity analysis using bore hole data and a layered earth model showed that the
airborne electromagnetic system used at East Yornaning (QUESTEM) was only able
to measure the conductivity-thickness product or salt storage of the regolith. Slightly
earlier time data would probably have enabled the application of a two layered earth
model by which the electrical conductivity and thickness of the upper (regolith) layer
could be determined.
Although estimates of regolith thickness would be useful for mapping variations in
transmissivity, the link between regolith salinity and hydrogeological stresses is weak
and remains the major obstacle to using airborne electromagnetic data for
hydrogeological interpretation. This is because the salt profiles were largely formed
before clearing and cannot be used to infer the current mechanism or rate of
recharge or determine the current depth to groundwater, except for in groundwater
discharge areas. Airborne electromagnetic data is also unsuitable for distinguishing
the major hydrogeologically significant lithostratigraphic units because these are not
clearly separable in terms of their salinity or water content.
The best use of airborne electromagnetic data lies in qualitative interpretations at the
regional scale and in particular the location of areas of anomalous regolith salinity.
Such areas may be related to basement structures which influence the passage of
groundwater flow and the location of groundwater discharge. However, the
interpretation of electromagnetic anomalies is not as simplistic as originally thought
and may in some cases require re-evaluation. For example, a limited analysis of bore
hole data indicates that those mafic dykes which act as barriers to groundwater flow
do not have significant accumulations of salt at depth on their up-slope side. This is
particularly likely to apply to first-order catchments where the saturated zone was
probably absent before clearing.
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1. INTRODUCTION
1.1 Background and objectives
The development of agriculture in south-western Australia has been characterised by
the replacement of deep-rooted, perennial species of native vegetation with shallow-
rooted, annual species.  Except for the high rainfall areas, the native vegetation was
able to intercept and transpire nearly all of the rainfall resulting in low stream flows
and recharge to a groundwater system which was typically deep and restricted to the
major valleys.  The lack of surface or groundwater movement out of inland
catchments caused large quantities of cyclic salts to become stored in the regolith.
Although annual crops and pastures can be high water users, they are poorly
adapted to transpire rainfall outside of the growing season or to use excess water
that becomes stored at depth (Greenwood et al. 1992).  The replacement of native
vegetation has thus led to increased recharge and large rises in the water table.  Salt
has become concentrated in the root zone where the groundwater has actively or
passively discharged to the surface (i.e. where the saturated zone or capillary fringe
actually intersect the ground surface).  More than 443,000 ha of previously productive
agricultural land is now salt affected (George, 1990a).
Secondary salinity is one of the most serious land degradation hazards in the
wheatbelt and a large amount of research has been conducted into the processes
involved (George, 1993) and remedial action to take (George, 1990b; and McFarlane
and Cox, 1992).  Although mechanical solutions, such as surface drainage, provide a
localised means of reducing recharge, high water use cropping rotations and the re-
establishment of trees and perennial shrubs are seen to be the most widely
applicable.  In most cases this entails a substantial change in farming practice, but it
is thought that the area required for revegetation can be minimised by planting the
areas of highest recharge first (Nulsen, 1982).
Ground-based geophysical surveys are now commonly used to assist in
hydrogeological interpretations of wheatbelt catchments.  Magnetometers respond
primarily to changes in the type and quantity of magnetic minerals in the basement
rocks.  For example, mafic dykes generally produce magnetic highs whilst quartz
dykes produce magnetic lows.  The location of such basement structures is thought
to be important because they affect the passage of groundwater flow.  An
assessment of magnetics for hydrogeological interpretation is beyond the scope of
this report.
In the context of agricultural investigations, ground-based electromagnetic
instruments are generally used to measure of the salinity of the upper portion of the
regolith.  Areas of low and high surface salinity are thought to be areas of preferential
recharge and discharge, respectively.  Electromagnetic surveys are therefore
frequently conducted in conjunction with magnetic surveys - magnetics being used to
locate mafic dykes which pose as barriers to groundwater flow and electromagnetics
being used to detect the resultant discharge area (Engel et al. 1989).  Ground
traverses using hand held electromagnetic instruments provide a higher level of
spatial and depth resolution than can be achieved by airborne systems but recent
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advances in airborne EM technology have narrowed the gap in depth resolution
between the two (Roberts et al. 1992).
Distributed groundwater models, such as MODFLOW, are being increasingly used
because of their ability to quantify the effects of different revegetation strategies in
ameliorating secondary salinity (Doherty and Stallman, 1992; and Richardson et al.
1994).  These models usually simulate the flow of water in the saturated zone and
require estimates of aquifer properties (areal extent, thickness, hydraulic conductivity
and specific yield/storativity) and temporal stresses (recharge and initial depth to
groundwater) to be made at regular intervals over the land surface.  Field
investigations; largely through pump testing and piezometer installation, provide the
most accurate estimates of aquifer properties and temporal stresses.  However, they
are expensive and provide point estimates only.  The use of distributed groundwater
models would be greatly facilitated by techniques which are more cost-effective and
provide spatially averaged estimates of aquifer properties over the entire model
domain.  Recently, Cook and Kilty (1992) used a helicopter-borne EM survey to
estimate recharge over a 3,200 ha area in South Australia.
In Western Australia, eight airborne electromagnetic surveys covering about 250,000
ha have been flown for salinity investigations since 1984.  The East Yornaning
Catchment was flown in 1989 and was chosen for this study because it represents a
particularly comprehensive data set, including; 1:25,000 colour aerial photography,
soils and landforms mapping, ground geophysics and a large number of bore holes
drilled to basement rock, some of which were cored.  A previous investigation into the
applicability of airborne geophysics for catchment planning at East Yornaning has
also been completed (Patabendige, 1992), though this investigation was less
comprehensive than that reported here.
The objective of this report is to assess the use of airborne EM for interpreting
catchment hydrogeology and in particular to determine if airborne EM can be used to
help quantify any of the variables required for distributed groundwater modeling.
When doing so there is a sequence of issues which need to be addressed:
(a) Which are the hydrogeologically significant lithologic units and how are they
distributed?
(b) Which chemical and physical properties affect the electrical conductivity of the
regolith?
(c) Can these be used to define the hydrogeologically significant units or provide
estimates of recharge rates and the depth to groundwater?
(d) How well are airborne EM systems (in particular QUESTEM) able to map
regolith electrical conductivity in its three dimensions?
(e) Which scale of hydrogeological interpretation is best suited to using airborne
EM?
The above issues are given in their approximate order of importance, since the
application of airborne EM for hydrogeological interpretation in any setting must be
firstly physically substantiated.  Issues regarding airborne EM instrumentation are of
less importance because these are technology dependent and are likely to change
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rapidly with time.  The use of airborne EM must be application-driven rather than
technology-driven for it to remain viable in the long term.
1.2 General setting
Location and physiography
The East Yornaning Catchment has an area of 12,400 ha and is situated within the
western margin of the wheatbelt; 25 km north of Narrogin and 150 km east of the
coast (Figure 1-1).
Figure 1-1. Regional location of the East Yornaning Catchment.
The catchment is drained by a fourth order stream (Strahler, 1952) which flows into
the Hotham River, a tributary of the Murray River.  The streams are ephemeral but
follow a well defined dendritic pattern; being located immediately west of the
Meckering Line which marks the inland limit of rejuvenated drainage (Mulcahy, 1967).
The orientation of the first and second order streams is apparently controlled by a
suite of mafic dykes which strike in a NNW direction.  The higher order streams are
oriented normal to the axis of regional uplift which trends in a northerly direction
(Figure 1-2).  One of the major third order streams (Wyoming Creek) is thought to
follow a fault as interpreted from aeromagnetic data (Mathwin, 1990).
The relief in the catchment varies from 310 to 440 m AHD.  The major valleys are
broad and of very low gradient (≈ 0.3 per cent in the mid catchment).  They are
generally subtended by gentle slopes which may become interrupted by extensive
granite domes and cuesta-form lateritic breakaways and lateritic plateaux near the
interfiuves.
Climate
The area has a Mediterranean climate with cool, wet winters and hot, dry summers.
The average annual rainfall at Narrogin is 500 mm and the average annual class A
pan evaporation is 1,900 mm.  As shown in Table 1-1, evaporation exceeds rainfall
for nine months of the year.
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Table 1-1. Average monthly rainfall (P) and class A pan evaporation (E) for Narrogin
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Tota
l
P
(mm)
10 17 21 30 65 92 89 69 47 34 18 13 505
E
(mm)
314 257 217 126 81 50 51 64 99 143 207 286 1,89
6
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Figure 1-2. General features of the East Yornaning Catchment with bore hole sites.
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Landuse
About half of the Catchment was cleared by the mid 1950s with the remainder being
cleared during the 1960s and early 1970s.  The valleys and mid slopes were
generally cleared first.  The largest stands of remnant vegetation occur along valley
floors and in areas of basement rock outcrop, but are usually in poor condition owing
to the effects of salinity, waterlogging or grazing.  Current land use comprises
cropping and pasture rotations with wheat and subterranean clover being the
dominant species grown.  There are a few plantings of trees, but these are generally
small and unlikely to have an impact on the spread of salinity.
Deep drains have been constructed in some of the lower lying areas of the
Catchment.  The use of seepage interceptor drains to control waterlogging on the
slopes has not been widely adopted.  About 10 per cent of the Catchment is currently
affected by secondary salinity, (Mathwin, 1990).
1.3 Geological setting
Terminology
There are a number of terms used in the report which require definition:
• Regolith refers to all materials above unweathered basement, regardless of
their mode of origin or induration.
• Saprolite refers to highly chemically weathered basement rock and consists
mainly of kaolin group minerals and quartz.
• Saprock refers to partially chemically weathered basement rock and consists
mainly of altered felspathic and micaceous minerals and quartz.
• A lithostratigraphic unit is a stratum or assemblage of adjacent strata unified
by their lithic characteristics and stratigraphic relationships.  They are defined
by physical features that are observable in the field and not by their inferred
mode of origin or age (Hedberg, 1976).  The formation is the primary formal
unit of lithostratigraphic classification.
• A lithofacies is body of rock strata that is distinctive in its lithic properties.
Here, lithofacies are used to subdivide lithostratigraphic units which display a
large internal variation in lithology and hydraulic conductivity.  The term facies
is generally used to define a body of rock strata with similar origins and may not
be equivalent to lithofacies.
1.3.1Basement
The basement rocks in the East Yornaning Catchment form part of the western
margin of the Yilgarn Craton and have been mapped by Chin (1986) as a complex of
medium and coarse, even-grained biotite granites and medium and coarse, senate
adamellites of Archaean age.  These were emplaced after the last period of regional
deformation and metamorphism and are thus characterised by a lack of gneissic
foliation or recrystalisation.
Dense swarms of Late Proterozoic to Phanerozoic mafic dykes are a prominent
feature of the western margin of the Yilgarn Craton (Lewis, 1994).  Within the East
Yornaning Catchment the dykes are can be divided into two suites according to their
orientation.  The dominant suite follows a NW trend, while the other follows a WNW
trend.  The composition of the dykes ranges from olivine dolerite, through leucocratic
dolerite to diorite (Chin, 1986).
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Figure 1-3. Interpretation of mafic dykes in the East Yornaning Catchment.
  From Figure 9 in Street et al. (1002)[#149].
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An interpretation of mafic dykes in the East Yornaning catchment was made by
Street et al. (1992) form an aeromagnetic survey using a 200 m line spacing and a
O40-220° line direction (Figure 1-3).  Follow up ground magnetic traverses by
Townrow (1989) indicated that only about half of the mafic dykes were resolved by
the airborne survey but that most dykes more than 30 m wide were detected.
1.3.2Regolith
There is about 220 ha of basement outcrop in the East Yomaning Catchment.  The
remaining 11,300 ha (98 per cent) is covered by a regolith of varying thickness,
lithology, stratigraphy and mode of origin.  Although basement fractures may be
locally important, it is the regolith that effectively defines the zone of hydrogeological
activity.  An understanding of regolith is therefore fundamental to hydrogeological
interpretation.
The close relationship between lithostratigraphic units and the occurrence and
movement of groundwater has long been recognised by hydrogeologists (Maxey,
1964).  The establishment and mapping of such units forms the physical framework
of the groundwater domain and is thus a prerequisite to any groundwater modeling
exercise (Boonstra and de Ridder, 1981; Renken, 1991; and Anderson and
Woessner, 1992).
As part of a broader investigation not reported here, the regolith was described by
the author at more than 70 sites within the East Yornaning Catchment and
surrounding area using a sedimentary geology approach (Folk et al. 1970).
Lithological logs of one of the cored bore hole transects (Y4l-Y47) were also
constructed.  While doing so, attention was paid to the location of the basement
unconformity which marks the transition between the transported and in situ regolith
materials and therefore also a major genetic and lithological change.  The
sedimentary materials were assigned to the formations established by Glassford
(1987) on the basis of their lithologic character, stratigraphic relationships and
landscape position.
Four of the seven sedimentary formations described by Glassford (1987) for the
regolith in the northeastern Yilgarn Craton are also found at East Yornaning, over
600 km to the SW.  That this should be the case is testament to the great similarity in
source rocks and regolith forming processes that have existed throughout the Yilgarn
Craton during the late Cenozoic.
The saprock and saprolite were not assigned formation status but are discrete
lithostratigraphic units and form an integral part of the lithostratigraphic column.  They
are particularly important in terms of hydrogeology since they account for the largest
body of materials within the saturated zone.
A schematic of the lithostratigraphic column at East Yornaning is presented in Figure
1-4.  Relative values of saturated hydraulic conductivity obtained from the literature
(George, 1992; and Ruprecht and Schofield, 1993) have been assigned to the
lithostratigraphic units from which it can be seen that each unit is sufficiently distinct
to constitute a discrete hydrologic body or hydrostratigraphic unit.  However, there
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are two occasions in which a lithostratigraphic unit shows a large enough internal
variation in lithology and hydraulic conductivity to warrant subdivision into lithofacies.
1. A texture contrast (sand over clay) horizon frequently occurs at the land
surface where the Nuendah Formation, saprolite or saprock outcrop.  This may
form a perched aquifer during winter and provide substantial recharge via
preferred pathways to the regional groundwater.  The texture contrast horizon
may be of pedogenic origin or may be due to an unconformity in which sandy
alluvial or aeolian sediments overlie the more clay rich materials of the above
mentioned units (Tennant et al. 1992; and Chittleborough, 1992).
2. Field evidence indicates the presence of a permeable zone at the base of the
saprock, known as saprolite grits (George, 1992).  This zone may yield water
of sufficient quantity and quality for livestock supply but is probably very
irregular in thickness and patchy in distribution.
The sequence of sediments (usually Nuendah Formation) over saprolite or saprock
causes a substantial reduction in hydraulic conductivity, but there is no evidence to
suggest that the same amount of perching occurs at the basement unconformity as at
the texture contrast horizon at the land surface.  The position of the basement
unconformity is likely to be more significant where basement structures cause large
changes in regolith permeability (Section 3.2.3.4).  For example, the amount of
groundwater discharge caused by those mafic dykes which act as barriers to
groundwater flow will largely depend on the thickness and hydraulic conductivity
(transmissivity) of the overlying sediments.
The distinction between saprock and saprolite is also important.  Saprolitic kaolins
form well developed plates and vermiform books, and although saprolites have a high
porosity they have a low specific yield (2.3.2.7).  Thus, the rise in water table
produced by a given amount of recharge will be larger for the saprolite than any of
the other lithostratigraphic units.
A summary description of the lithostratigraphic units found at East Yornaning is
provided in Table 1-2.  These define the layers required for input to MODFLOW (a
three dimensional groundwater model) and were determined on the basis of
formation and facies.  Such a scheme was made possible by the close association
between facies (origin) and lithofacies (lithic character) in the catchment.  A more
detailed description of the MODFLOW modeling exercise is presented in Raper and
de Broekert (in preparation).
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Figure 1-4. Schematic lithostratigraphic column for East Yornaning.
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Table 1-2. Summary of lithostratigraphic units at East Yornaning
Unit Facies Landscapeposition
Geometry and
dimensions Structure Texture
§
Composition
(> 64µ grain
size)
Stratigraphic
relationships
Hydraulic
properties£
Nuendah
Formation
colluviwn
basement and
saprock derived;
channel, alluvial
fan and
unconfined slope
wash deposits
1st and 2nd order
valleys, valley sides
and interfiuve zones
in upper catchment;
mainly valley sides
in middle & lower
catchment
variable - fan to
slope front fill and
channel fill
shaped; 0.5-4 m
thick over few km2
massive
to
laminated
to thinly
bedded
silt-clay
sandrock to
sandy silt-
clayrock
quartz, feldspar
and occasional
lateritic gravels
unconformably
overlies saprock;
upper boundary forms
most of land surface;
laterally equivalent to
and may be
interbedded with other
Nuendah Fm facies
K =   0.5
m/d
Sy =   0.2
Nuendah
Formation
colluvium
laterite and
basement
derived; channel,
alluvial fan and
unconfined slope
wash deposits
foot slopes of laterite
breakaways and
laterite plateaux on
interfiuve zones;
surrounding laterite
mounds in valleys
variable - fan to
slope front fill
shaped; 1-2 m
thick over few 100
m2
massive
to crudely
bedded
gravelly
clayrock to
clayey
gravelrock
quartz, feldspar,
lateritic gravels
and basement
lithoclasts
unconformably
overlies saprock;
laterally equivalent to
and may be
interbedded with other
Nuendah Fm facies
K =   0.7
m/d
Sy =   0.2
Nuendah
Formation
alluvium
basement and
saprock derived;
dominantly fluvial
valley fill deposits
≥ 2nd order valley
bottoms
channel to basin fill
shaped; 4-20 m
thick and < 200 m
wide
massive
to thickly
bedded
silty
sandrock to
clayey
sandrock,
minor beds
of clay and
siltrock
quartz, feldspar
and occasional
lateritic gravels
unconformably
overlies saprock;
laterally equivalent to
and may be
interbedded with other
Nuendah Fm facies
K =   0.5
m/d
Sy =   0.2
Gibson
Formation
sandplain
alluvially
reworked aeolian
deposits
valley sides sheet to sheet
drape shaped; 1-2
m thick over few
l00 m2
massive sand to
sandrock
quartz unconformably
overlies saprock;
interfingers with
Nuendah Fm
K = 10 m/d
Sy =   0.3
Westonia
Formation
mottled
zone
basement and
sediment
derived; fluvial,
aeolian and
lacustrine
deposits
laterite breakaways
and laterite plateaux
along interfiuve
zones, may be some
facies in valley floor
sheet to lens to
channel fill
shaped; variably
bounded by
breakaways;
2-10 m thick over
few l00 m2
massive
to crudely
bedded
clayey
sandstone to
silt-clay
sandstone
dominantly
quartz,
occasional kaolin
spherites
unconformably
overlies saprolite and
basement; commonly
overlain by Mulline
Formation
K =   0.7
m/d
Sy =   0.2
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Table 1-2. Summary of lithostratigraphic units at East Yornaning (continued)
Unit Facies Landscapeposition
Geometry and
dimensions Structure Texture
§
Composition
(> 64µ grain
size)
Stratigraphic
relationships
Hydraulic
properties£
MuHine
Formation
Lalerite
aeolian dust and
sand
impregnated
basement,
saprock and
sediment
breakaways and
plateaux along
interfiuve zones;
mounds in valleys
sheet to lens to
mound shaped;
1-3 m thick over
many 10 m2
labyrin-
thoid to
nodular to
pisolitic;
massive
to crudely
bedded
silty
sandstone to
pisolitic
sandy laterite
dominantly
quartz,
occasional kaolin
spherites and
granitic domains
overlies Westonia
Formation and
basement
K =   3 m/d
Saprolite
(granitic)
pallid zone
highly, in situ
weathered
basement
all landscape
positions
highly variable
shape, v. widely
distributed; up to
20 m thick  -  esp.
under lateritic
plateaux
Massive,
vein to
palimpses
t igneous
structured
slightly
sandy clay
quartz gradationally overlies
saprock
K = 0.06
m/d
Sy = 0.05
Saprock
(granitic)
weathering
zone
partially, in situ
weathered
basement
all landscape
positions
highly variable
shape, almost
ubiquitous; up to
30 m thick
massive,
vein to
palimpses
t igneous
structured
sandy clay quartz, feldspar
and mica
gradationally to
sharply overlies
basement
K = 0.06
m/d
Sy = 0.1
 The approximate equivalent traditional terms for the units are given in italics.
 Approximate only. Values are dimensions, not areas.
§ The terms sand, sandrock and sandstone are used to describe an increase in induration.
£ Hydraulic conductivity (k) adapted from Table I in George (1992) and Ruprecht and Schofield (1993).
Specific yield (Sy) for saprolite from Table 6 in Johnston et al. (1983).
Note: Specific yield applies to unconfined conditions only. Some units, such as the saprock, may be locally semi-confined or confined, in which case a
lower value (storativity) will apply.
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2. FACTORS AFFECTING THE ELECTRICAL CONDUCTIVITY OF THE
REGOLITH
2.1 Introduction
Field-based resistivity and electromagnetic induction (EM) techniques are now widely
used in preference to laboratory analyses for determining some soil properties,
especially where large numbers of measurements are required throughout an area
and with depth.
Most electromagnetic instruments provide a bulk or apparent measurement of the
soils electrical conductivity (ECa) in a manner which depends on the vertical
distribution of electrical conductivity within the soil profile and the operational
characteristics of the instrument in use (McNeill, 1980).  Although the immediate aim
of EM surveys is to map the variation in regolith electrical conductivity, their ultimate
application depends on what useful information can be extracted from the electrical
conductivity data.  The interpretation of EM data therefore initially requires a
knowledge of which chemical and physical properties determine the soils electrical
conductivity.
When studying the relationships between soil properties and ECa it is highly
beneficial to minimise instrumentational effects and obtain a representative
measurement of electrical conductivity for each soil sample that is analysed for
soluble salts, water content etc. in the laboratory.  The use of downhole EM loggers,
such as the Geonics EM39, are well suited for this purpose because they provide a
near continuous reading of ECa with depth, which can then be related to each
interval sampled from a bore hole.
The recent availability of airborne EM data to hydrogeologists at the Department of
Agriculture has raised many questions as to the possible cause of the EM response.
For example, does the system respond to changes in clay mineralogy or just soil
salinity?  This has led to the establishment of expensive drilling programs in order to
ground-truth the EM data.  The drilling of 46 bore holes in the East Yornaning
Catchment is one such example and offers a good opportunity to explore the
relationships between ECa and soil properties in detail.
The aim of Chapter 2 is to demonstrate and verify existing quantitative relationships
between soil properties and ECa using a large data set of soil samples from the East
Yornaning Catchment, and to assess which soil properties can be expected to play a
dominant role in determining the electrical conductivity of the regolith in areas of
similar climate and geology.
2.1.1Terminology
Table 2-1 provides a summary of the soil physical and chemical terminology used in
the following sections.  Standard texts on soil analysis should be consulted for their
exact derivations and the laboratory procedures by which they are obtained.
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The distinction between soil type and soil texture requires explanation because in
many cases the intended meaning of the former is not clear in the literature.  The
term may be synonymous with soil texture, i.e. particle size distribution and more
particularly the clay percentage; or with a taxonomic classification which may itself be
based on textural attributes.  To improve clarity, soil type will be replaced by soil
texture in those cases where that meaning was clearly intended.
Table 2-1. Definition of soil physical and chemical properties
Term Full name Meaning Units
ρb Dry bulk density Mass of dried soil relative to total
soil volume (Ms/Vt)
g/cm3
f Porosity Volume of voids relative to total soil
volume (Vf/Vt)
cm3/cm3
W Gravimetric water content Mass of water relative to mass of
dry soil particles
(MW/MS, x 100)
g/100 g (%)
SP Saturation percentage W of dried, sieved, re-packed and
re-wetted soil (to 2 cm H2O suction;
i.e. to about saturation)
g/100 g (%)
θ Volumetric water content Volume of water relative to total soil
volume (VW/Vt or W x ρb)
cm3/cm3
S Degree of saturation Volume of water relative to volume
of voids (VW/Vf or θ/f)
cm3/cm3
%C Clay percentage Mass of clay sized (< 0.002 mm)
particles relative to total soil mass
g/100 g (%)
%Si Silt percentage Mass of silt sized (0.002-0.02 mm)
particles relative to total soil mass
g/100 g (%)
CEC Cation exchange capacity Total amount of cations that a soil
(mostly clays and organic matter)
can absorb
meq/100 g
SAR Sodium absorption ratio Relative concentration of Na to Ca
and Mg in the soil solution
(meq/L)/(meq/L)
ESP Exchangeable sodium
percentage
Proportion of the total CEC due to
NA ions, x 100 (similar to SAR,
especially at high values)
(meq/100 g) x
100/
(meq/100 g)
%C1- Chloride percentage Mass of chloride relative to mass of
dry soil, x 100
G/100 g (%)
EC Electrical conductivity A measure of ease of electrical
current flow through a material
(property of material only)
mS/m
EC1:5 EC one to five EC of 1 part soil to 5 parts water
mixture
mS/m
ECse Electrical conductivity of
saturation extract
EC of water extracted from an
artificially saturated soil
mS/m
ECw EC of the in situ water EC of in situ surface or soil/ground
water
mS/m
ECa Apparent electrical
conductivity
EC of soil as determined by an
electromagnetic instrument
mS/m
ECs Surface electrical
conductivity
Component of ECa due to clay
quantity (%C) and mineralogy
(CEC)
mS/m
T Transmission coefficient Measure of electrical current flow
through soil pore spaces
dimensionless
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2.2 Previous research
2.2.1 Empirical relationships
It is accepted convention to use linear regressions to describe the relationship
between ECa and some soil property (usually salinity) averaged or integrated to the
depth at which the EM instrument is configured to operation (Table 2-2).  Despite the
high correlation coefficients of the individual regression equations there is a high
variability in their slopes and intercepts, even when comparing between the same
instrument configuration and soil property.  This illustrates the site-specific nature of
empirical relationships and indicates there are other factors influencing ECa than
those in the equation used.
Table 2-2. Regression relationships between ECa and soil properties in Australia
Y X a b r Reference
ECa
(EM34)10H
ECse (0-7.5, U)§ 0.10
8
10.7 0.94 Engel et al. (1989)
ECa (EM34)10V ECse (0-15, U) 0.05
1
8.2 0.83 Engel et al. (1989)
ECa
(EM34)10H
EC1:5 (0-5.5, I) - - 0.80 Williams and Baker (1982)
ECa
(EM34)20H
ECse (0-15, U) 0.08
8
12.3 0.91 Engel et al. (1989)
ECa
(EM34)20H
EC1:5 (0-15, I) 1.14 29.3 0.88 Williams and Hoey (1987)
ECa (EM31)v EC1:5 (0-6, A) 0.85 34.4 0.91 George and Frantom (1990b)
ECa (EM31)v EC1:5 (0-6, A) 1.42 4.5 0.81 George and Frantom (1990b)
ECa (EM31)v EC1:5 (1-3, A) 1.49 10.4 0.87 Ferdowsian and Greenham
(1992)
ECa (EM31)v EC1:5 (0-6, A) - - 0.88 George and Frantom (1990a)
ECa (EM38)V ECse (0.75-1, 1) 0.21 - 16.5 0.93 Bennet and George (1995)
ECa (EM38)V ECse (0.5-0.75,
1)
0.34 - 54.5 0.96 Bennet and George (1995)
ECa (EM38)V ECse (0.6-0.9, 1) 0.15 35.8 0.96 McFarlane and Ryder (1990)
ECa (EM38)v EC1:5 (0.2-0.6, A) 2.38 4.1 0.95 Ferdowsian and Greenham
(1992)
ECa (EM39) ECw - - 0.10 Cook et al. (1992)
ECa (EM39) θ - - 0.68 Cook et al. (1992)
ECa (EM39) %C - - 0.73 Cook et al. (1992)
ECa
(EM34)20H
%C (0-15, I) 7.52 - 171.4 0.85 Williams and Hoey (1987)
 Regression relationship in form of Y = aX + b.
 EM instrument name, coil spacing  (m) and dipole orientation (V=vert., H = horiz.) is given for ECa
where appropriate.
§ Method of salinity determination, depth interval sampled (m) and method of calculation (A =
averaging, I = integration, U = unknown, 1 = one soil sample only) is given for soil salinity
measures.
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Occasionally, a third variable has been included in the regression equation.  For
example, Gupta and Hanks (1972) regressed ECa/Ecse against θ for two soil types
and gound that the correlation coefficient was lower when both soils were considered
together than for individual soils, suggesting that such a calibration was required for
each soil type.
Because the electrical conductivity of a saline soil depends primarily on the salinity of
the interstitial electrolyte solution, the effective soil porosity and the degree of water
saturation (2.2.2), the transferability of regressions which relate ECa to salinity can
be improved by establishing the relationship for a particular soil texture at a known
water content (Rhoades and Ingvalson, 1971).  In other words, it should be possible
to predict soil salinity from ECa using a standard calibration (graph or regression
equation), provided that each new site has a similar soil texture and moisture content
to the calibration site.  Rhoades and Ingvalson (1971) suggested that field capacity be
used as the reference water content because it is readily reproducible, such as 2 to 3
days after an irrigation or rainfall.  They postulated that under these conditions small
reductions in water content brought about by evapotranspiration will be offset be an
increase in the salinity of the soil water and hence ECa would not be unduly affected.
Halvorson et al. (1977) provided further evidence that ECa is not solely dependent on
soil salinity by showing that the slope of the ECse vs ECa calibration line decreases
as either the clay percentage (%C), field capacity gravimetric water content (Wfc) or
saturation percentage (SP) increases (Figure 2-1).  They also found that soils of
similar texture and field capacity water content, but from different geographic
locations, gave similar ECse vs ECa calibrations suggesting that soil parent material
(mineralogy) does not strongly influence the ECse vs ECa relationship.
Figure 2-1. ECse vs ECa calibrations for several textural groups. 
 Adapted from Figure 1 in Halvorson eta!. (1977).
Values in parenthesis are W (~.Wfc), SP and %C, respectively.
sl=sandy loam, sicl=silty clay loam, cl=clay loam, scl=sandy clay loam, l=loam, sic=silty clay, c=clay
Although empirical relationships have practical advantages, they provide no insight
into the causative relationship between soil properties and ECa.  For example,
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Halvorson and Rhoades (1974) obtained correlation coefficients (r) of 0.98 and 0.89
when ECa was related to ECse or W, respectively.  While in this case it is correct to
say that 96 per cent (r2) of the variance in ECa can be accounted for by ECse, it also
correct to say that 79 per cent of the variance can be accounted for by W, but in
neither case is it possible to say in what way the individual variables influence ECa.
2.2.2Deterministic relationships
To quantify the relationships between ECa and soil properties, Rhoades et a!. (1976)
developed the following model:
ECa = Ecwθ T +
ECs ,
[2-1]
where ECw is the in situ soil water electrical conductivity.  ECs, termed the surface
electrical conductivity, is that portion of the apparent electrical conductivity (ECa)
which results from the quantity of clay minerals (%C) and their cation exchange
capacity (CEC).  T is a transmission coefficient (≤ 1) that corrects for the impedance
associated with the tortuous nature of the current lines in the soil pores.  Eq. [2-1]
may thus be regarded as being made up of two conductors acting in parallel  -  a
liquid phase component (ECw) and a solid phase component (ECs).
While the values of ECw and θ are relatively easily measured, data manipulation is
required to determine T and ECs.
T is a function of the soil water content:
T = aθ + b , [2-2]
and can be derived empirically for a specific soil texture once all the other parameters
have been determined.
According to Eq. [2-1], ECs is the intercept value of an ECa vs ECw plot for a
particular soil texture (%C) and mineralogy (CEC), i.e. the value of ECa where ECw =
0.  However, for reasons to be discussed later, this method may yield inaccurate
results.
Table 2-3 lists the values of T (a and b) and ECs for a variety of soils and confirms
that T is largely determined by soil texture and that ECs is determined by soil texture
and mineralogy. Using similar data for 12 Arizona and California soils, Rhoades
(1981) found that ECs could be derived from clay percentage by:
ECs = 2.47 x %C  2.36
,
r2 = 0.94 [2-3]
or cation exchange capacity by:
ECs = 1.59 x CEC  7.0
,
r2 = 0.67 [2-4]
where ECs is in mS/m and CEC is in meq/100 g soil.
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Although the linear relationship between ECa and soil properties described by Eq.
[2-11 is adequate for the range of ECw from which it was evaluated (250-5,600
mS/m), it does not hold where ECw < ≈ 350 mS/rn where the relationship between
ECa and ECw becomes curvilinear (Shainberg et al. 1980).  Figure 2-2 shows the
curvilinear relationship at low ECw and demonstrates that the point at which the
curve begins to deviate from linearity and the magnitude of the deviation are
proportional to the %C and CEC.  The point at which deviation occurs also depends
on the sodium absorption ratio (SAR).  For example, for the Bonsall B soil, the
departure from linearity begins at ≈ 500 mS/rn for an SAR of 0 (top curve in Figure 2-
2) but increases to ≈ 500 mS/m when the SAR is 40 (Shainberg et al. 1980).
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Table 2-3. Electrical conductivity parameters in relation to soil properties.
CEC SAR Sand Silt Clay ECs§ T
Soil type
meq/100 g
soil - % % % MS/cm a b
Indio vfsl 14.5 4 42.2 51.6 6.2 0.25 1,287 - 0.116
Bonsall A 8.2 0 70.0 22.0 8.0 0.12 - -
Fallbrook A 12.0 0 71.5 20.5 8.0 0.22 - -
Pachappa
fsl
9.2 0 49.0 37.8 11.2 0.29 1.382 - 0.093
Arlington 18.0 0 42.0 45.0 13.0 0.46 - -
Fallbrook B 16.9 0 62.5 21.3 16.2 0.32 - -
Imperial 15.5 0 35.7 46.3 18.0 0.39 - -
Waukena l 18.0 0 41.3 39.0 19.7 0.45 1.403 - 0.064
Dominco cl 24.8 4 29.3 41.4 29.3 0.45 2.134 - 0.245
Panoche 18.0 0 64,4 19.0 16.8 0.63 - -
Bonsall B 25.0 0 45.5 19.0 35.5 0.88 - -
Sand 1.278 0.020
Loamy sand 1.361 - 0.136
Sands and loams 1.292 - 0.109
Sandy loam 0.400 0.020
Clay 1.133 - 0.177
Silty clay loams to
clays
0.836 - 0.024
 Top of table adapted from Tables 1 and 3 in Rhoades et al. (1976) and Tables 1 and 2 in
Shainberg et al. (1980).  Bottom of table taken from various sources presented in Table 2 in Cook
et al. (1989).
 vfsl = very fine sandy loam; fsl = fine sandy loam; l = loam; cl = clay loam.
§ Values of ECs in bold are from Rhoades et al. (1976) and are underestimates because they did not
account for the curvilinerarity which occurs towards the origin of the ECa vs ECw plot.
Figure 2-2. ECa of saturated Bonsall A and B horizon soils as function of ECw. 
 Adapted from Figure 2 in Shainberg et al. (1980).
Values in parenthesis are %C, CEC and SAR respectively.
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Note that the slope of the lines are the same regardless of clay percentage.  This is a result of the
experimental conditions used.  Under field calibration conditions the slope is proportional to the
soils field capacity water content and texture.
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Figure 2-2 confirms the validity of Eq. [2-11 for ECw > ~ 35O mS/m and
demonstrates that ECs is not simply the intercept value of an ECa vs ECw plot, as
previously mentioned, but should be derived by extrapolating the linear portion of the
plot to ECw = 0 (see arrows in Figure 2-2).
2.3 The East Yornaning data set
2.3.1Data collection and processing
2.3.1.1 Soil samples
The data used in this study came from two sources; the Department of Agriculture
and the CSIRO, Division of Water Resources.
The Department of Agriculture data set consists of 786 samples of drill cuttings taken
from 25 bore holes (Y2-Y31; Figure 1-2).  A Gemco HM 12 rotary air blast rig was
used to drill the holes between November 1990 and February 1992.  All holes were
drilled as deep as possible, though some of the deeper holes may not have reached
unweathered basement due to loss of air circulation.  The samples were analysed by
the Department of Agricultures Soils Laboratory at South Perth for pHi:5, SP, EC1:5,
ECse and %CF (by titration using a 1:5 extract).  The samples were taken irregularly
over the first metre but were taken at a 1 m intervals thereafter.  Before laboratory
analysis all samples were oven dried, sieved to remove gravels (> 2 mm), hand
textured and assigned a Munsell colour.
A subset of sixty samples were submitted to the Chemistry Centre (WA Department
of Minerals and Energy) for determination of clay percentage, silt percentage, cation
exchange capacity and individual exchangeable cations (Ca, Mg, K, Na).  The
exchangeable sodium percentage and the sum of exchangeable cations were
calculated.  In many cases, the sum of exchangeable cations (and in some cases the
Na ions alone) exceeded the measured CEC.  This suggests that the samples were
not properly washed of soluble cations before analysis and that some of the ESP
values are overestimates.
The CSIRO data set consists of a further 361 samples of drill core taken from 13 bore
holes (Y41-Y54) which had been drilled by a Edson NQ hollow stemmed auger rig
fitted with wireline recovery equipment during November to December 1992.  Again,
all holes were drilled as deep as possible though the capacity of this rig is less than
that of the Gemco, so that most holes are relatively shallow and none reached deep
into the saprock.  The samples were analysed by the Chemistry Laboratory at the
CSIRO for W, ρb and Cl- (µg 07100 Cl-/100 g soil).  An interval of 0.6 m was used to
sample the drill core for the laboratory analyses.  With the exception of Y44, Y48 and
Y54; %C and %Si was measured for about every second sample (i.e. every 1.2 m)
producing a subset of 151 samples.
A three point moving average filter was used to smooth SP, ECse, %CF ,W, ρb
values down the regolith profile for all holes, except in cases were the separation
between adjacent samples was greater than the nominal sampling interval described
above.  This helped to correct for unusually large or small values brought about by
point sampling.  Nulsen (1980) found that the soil salt content displays high spatial
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variability, even within individual soil peds.  Therefore, point samples, such as those
obtained by drilling, may not be representative of the larger immediate soil volume,
as measured by the EM39 logger.  Figure 2-3 shows the %Cl- profile for bore hole Y2
before and after the application of the moving average filter.
Profile plots of the parameters used in the following sections (ECa(EM39),
ECa(predicted), ECw, θ and %C or hand texture) are given in Appendix 1 for each
bore hole.  In the following sections the reader should refer to this location upon
mention of a particular bore hole, unless another is specified.
Owing to possible errors associated with the Department of Agricultures data, the
CSIRO data was used for calibrations.  Results derived using the CSIRO data were
then applied to the less accurate, but more numerous, Department of Agriculture data
set.
Piezometers were installed in the bore holes by inserting 40 or 50 mm diameter PVC
pipes which had been slotted over the bottom two metres.  Gravel was placed around
the slots and bentonite and drill cuttings were used to seal the hole from surface or
perched water.
Figure 2-3. Comparison of raw and averaged %C1- profiles for bore hole Y2.
2.3.1.2 Geophysical logging
All bore holes were logged using the EM39 during November 1991 to December
1992.  In most cases the holes could not be logged to their sampled depth because
they were not fully cased or a slight bend in the piezometer casing restricted the
passage of the probe down the hole (Table 2-4).  This reduced the number of
samples for use in the analyses to 516 for the AgWA data set and 329 for the CSIRO
data set.
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The Geonics EM39 is a continuous wave frequency domain EM instrument, operating
at 39.2 kHz and is similar in operation to above ground electrical conductivity meters.
A small transmitter coil induces eddy currents in the surrounding soil and a receiver
measures their magnetic field to obtain an ECa in mS/m.  The probe has a coil
separation of 50 cm and a peak response at a distance of 30 cm radially from the
probe, so that virtually all of the response comes from within the soil rather than from
conductive materials, such as bentonite, which were used in the piezometer
construction.  Measurements of ECa(EM39) were recorded every 10 cm enabling a
direct match for the CSIRO core samples.  For the Department of Agriculture bore
holes, the ECa values were averaged for each corresponding sample interval.
The ECa(EM39) values were corrected for deviations in linearity of response caused
by departure from the low induction number approximation at high ECa (McNeill,
1990).  The effect of this correction is shown in Figure 2-5.  A negative base shift of
35 mS/m for holes logged during February 1992 (as determined by repeat logs for
several holes) was also corrected for (Table 2-4).  For many of the Department of
Agriculture holes, metal stakes used to support the top of piezometer casing caused
near surface spikes in the EM39 data.  These were subsequently edited from the raw
data files.
Table 2-4. Bore holes logged by the EM39
Bore
hole
Depth
sampled
(m)
Depth
EM39
(m)
%
logged
EM39
date
Bore
hole
Depth
sampled
(m)
Depth
EM39
(m)
%
logged
EM39
date
Y2 44.4 40.0 92 Feb-92 Y26 33 19 58 Feb-92
Y3A 30.6 28.7 94 Feb-92 Y27 32 16.1 50 Feb-92
Y3B 42 23 55 Feb-92 Y28 11.7 10.3 88 Feb-92
Y4B 34.5 20.8 60 Feb-92 Y29 17.4 16.5 95 Feb-92
Y5 17.6 5 28 Nov-91 Y30 27 14.7 54 Nov-91
Y6 30.8 6.5 21 Nov-91 Y31 26.8 11.4 43 Feb-92
Y7 17.7 7.6 43 Feb-92 Y41 25.8 28.2 109 Dec-92
Y8 19 14 74 Nov-91 Y42 21.4 18.4 86 Dec-92
Y9 37 18.6 50 Nov-91 Y43 23.1 22 95 Dec-92
Y10 28.8 25.5 89 Nov-91 Y44 6 5.3 88 Dec-92
Y12 36 12.5 35 Nov-91 Y45 22.8 20.3 89 Dec-92
Y14 36 30.1 84 Feb-92 Y46 11.8 10.7 91 Dec-92
Y15 6.2 5.5 89 Feb-92 Y47 17.9 14.1 79 Dec-92
Y18 38.2 34.6 91 Nov-91 Y48 6.1 6 98 Dec-92
Y19 38.9 18.8 48 Nov-91 Y50 12.4 11.8 95 Dec-92
Y20 30.9 20.7 67 Feb-92 Y51 30 29.4 98 Dec-92
Y21 31 18.9 61 Feb-92 Y52 11.4 10.9 96 Dec-92
Y23 30.4 26.4 87 Feb-92 Y53 22.5 21.7 96 Dec-92
Y24 35.8 35 98 Feb-92 Y54 14.3 13.3 93 Dec-92
 Depth of bore hole logged by the EM39 may exceed that sampled.
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2.3.2Results and discussion
2.3.2.1 Initial observations
The data described in 2.3.1 constituted the raw data for this study.  The methods by
which the parameters required to evaluate Eq. [2-1] were derived are described in the
following sections.  However, it is instructive to firstly examine some of the empirical
relationships between the raw data.
Figure 2-4. Relationship between ECa and %C1- for the CSIRO data.
Figure 2-5. Relationship between ECa and %C1- for the Department of Agriculture data.
Department of Agriculture data
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Figure 2-6 and Figure 2-7 show that ECa is poorly correlated with the volumetric
water content and clay percentage, respectively. On the basis of this observation one
could assume that neither of these soil properties have any influence on the apparent
electrical conductivity of the soil, although we know from 2.2.2 that this is not the
case.  The lack of a correlation between ECa and 0 in the CSIRO data is because 8
does not display a large variation in comparison to soil salinity (ECw).  This is evident
from the narrow spread of data in the ECa vs %C1 plot.
There are two major reasons for the lack of correlation between ECa and %C in the
CSIRO data.  In the first place, %C is poorly correlated with 0 (r = - 0.29), which is in
turn poorly correlated with ECa, as described above.  This may not always be the
case.  For example, in a study similar to this one, Cook et al. (1992) found that %C
and 0 were highly correlated
(r = 0.92), as were 0 and ECa (r = 0.68).  In such cases, regression equations would
be misleading and would indicate that ECa is highly dependent on %C (Table 2-2),
when it is the corresponding variation in eight that is probably having the greater
influence.
A second reason for the lack of correlation between ECa and %C is that the
correlation between %C and %C1 in the CSIRO data is also very poor (r = - 0.09).
Again, this may not always be the case.  For example, Shaw et al. (1986) found that
%CF was highest for those soils containing 40-60 per cent clay because these had
the lowest porosity and hydraulic conductivity and hence were the least leached of
salt.
Figure 2-6. Relationship between ECa and volumetric water content.
AIRBORNE ELECTROMAGNETICS FOR HYDROGEOLOGICAL INTERPRETATION IN THE WHEATBELT
25
Figure 2-7. Relationship between ECa and clay percentage.
Determination of clay percentage from SP
The clay percentage was not determined for the Department of Agriculture samples
but would have been useful in evaluating ECs and T (a and b).  The possibility of
deriving %C from SP was investigated using the subset of the Department of
Agriculture data for which %C had been measured, since experimental evidence has
shown that the two are linearly related (Halvorson et al. 1977; and Rhoades et a!.
1990).
Figure 2-8 shows that %C is poorly related to SP, particularly at high clay
percentages.  This is probably because most saprolitic kaolins are very well
crystallised and thus poorly disaggregated before SP is measured.  The water
holding capacity of such samples would remain low despite their high clay
percentage.  Thus, SP cannot be related to clay percentage alone, but is also likely
to be a function of clay mineralogy and crystal morphology and the size sorting within
the silt and sand sized fractions.
Figure 2-8. Relationship between saturation percentage and clay percentage.
Department of Agriculture data
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2.3.2.2 Volumetric water content
As was the case for %C, the gravimetric water content (W) and dry bulk density (Pb)
were not measured for the Department of Agriculture samples but were required for
the determination of the volumetric water content (8 ).  It was therefore necessary to
estimate 8 using the saturation percentage (SP).  This can be done by multiplying SP
(expressed as a fraction) by the bulk density, since SP is the gravimetric water
content of the laboratory saturated soil.  The value of Pb used was 1.32 g/cm3 being
the average for soils under conditions for measuring SP.  Although this is low in
comparison to field values, it assisted in compensating for the unrealistically high
values of gravimetric water content obtained by using crushed and artificially packed
soil samples to measure SP.
Clearly, this method for determining 8 is subject to a large amount of error.
Furthermore, it cannot be expected to apply to the unsaturated zone (particularly
above the capillary fringe), where, assuming no change in porosity, there should be a
reduction in 8.  However, the water table position is poorly defined by the volumetric
water content at East Yornaning
(Figure 2-9).  A similar observation was made by Johnston et al. (1980) for an area of
similar regolith composition and may be explained by the small amount of water that
is required to saturate the soil after it has been dried out to wilting point by plant roots
or field capacity by gravity drainage.
McCrea et al. (1990) found that granitic and doleritic saprolite have porositys of up to
50 per cent, but that most pores are in the 0.1-0.01 p.m size range, which are too
small to be accessed by plants.  These findings were corroborated by Peck (1979)
who determined the soil moisture characteristic for a granitic saprolite and found that
the difference in gravimetric water content between 0-15,000 cm H20 suction (i.e.
from saturation to wilting point) was only ~ 0.05 gig.  An even smaller amount of
water is required to saturate a soil from field capacity (350 cm H20), which would be
more typical of below the root zone.  Thus, even those saprolitic profiles with high
depths to groundwater (Figure 2-9) are likely to remain at near saturation throughout
the year and are unlikely to show a marked seasonal wetting and drying trend, except
perhaps for the top couple of metres.  All this suggests that SP can be used to
approximate θ for the saturated zone and most of the unsaturated zone as well.
Figure 2-9. Volumetric water content profiles for bore holes Y42 and Y54.
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2.3.2.3 Electrical conductivity of the groundwater
The electrical conductivity of the groundwater (ECw) was calculated using three
methods.
1. The first method of calculation (ECw I; for all data) followed that presented in
Cook et al. (1989) in which:
ECw = 106 x Ac [2-5]
where ECw is in mS/m.
Λ is the equivalent conductance for NaC1 at 25°C in m2 S/mol and is given by:
8.98 x 10-3
Λ = 1.26 x 10-2 - 1 + 1.32
c0.5
x c0.5 , [2-6]
where c is the concentration in mol/L and is derived from C1- (mg/L) by:
C1-c = 35,453 , [2-7]
which is in turn derived from % C1- (g C1-/100 g dry soil) by:
%C1- x ρbC1- = 100 x θ x 10
6 , [2-8]
where ρb is the dry bulk density and θ is the volumetric water content.
2. The second method of calculation (ECw2; for all data) followed that of Johnston
et al. (1982) in which, for 6 ≤ ECw (mS/m) ≤ 254 at 25°C:
ECw = 0.339 x C1- + 2.162 , [2-9]
where C1- is in mg/L.
3. The third method of calculation (ECw3; for AgWA data only) followed that of
Rhoades et al. (1989) in which:
ECse [2-10]
ECw = θ 10
0﴾ ρb X SP ﴿
where ECse, θ, ρb and SP are as previously defined.
To determine the most accurate method, observed ECw, using samples of
groundwater from the piezometers, was compared against calculated ECw, using the
soils data corresponding to the slotted interval of the piezometers.  The first method
of calculation (ECw I) gave the closest to a 1:1 relationship (Figure 2-bA), though
some large outliers exist.  This is not surprising given that rotary air blast samples
from depth can be contaminated by water entering the hole.  When performing such
a comparison it should also be noted that the salinity of water samples obtained from
piezometers may be dominated by water transmitted through macropores and may
bear little relationship to the salt stored within the soil matrix (3.2.3.2).  However, this
is unlikely to be the case at East Yornaning since the piezometers were usually
slotted at the base of the saturated zone where the flow is dominantly horizontal and
the macropore and matrix water should be fairly well mixed.
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It should also be noted that ECw is temperature dependent.  The temperature
coefficient for a sodium chloride solution is 2.2 per cent per degree centigrade, which
implies that a temperature increase of 45°C will cause ECw to double.  The regolith
temperature below about three metres in cleared areas receiving a similar rainfall to
East Yornaning is about 20°C (D. Williamson, unpub. data).  The calculated values of
ECw used here are therefore overestimates, but this does not appear to have
significantly influenced the observed versus calculated ECw comparison.
Figure 2-10.(A) observed vs predicted ECw; (B) histogram of ECw.
2.3.2.4 Surface electrical conductivity
The contribution to ECa that is directly attributable to clays is called the surface
electrical conductivity (ECs).  Table 2-3 shows that ECs ranges from about 10-90
mS/m depending on clay percentage (%C) and clay mineralogy (CEC).  Linear
regression equations for ECs vs %C and CEC are given in Eqs.[2-3] and [2-4],
respectively.  Soil sodicity has a much smaller influence on ECs, though it does
significantly influence the point at which the relationship between ECa vs ECw
becomes curvilinear (Shainberg et al. 1980).
The low potential value of ECs (< 90 mS/m) in comparison to ECw at East Yornaning
(average ECw = 1,330 mS/m), and the fact that ECs is an additive term in Eq. [2-1]
means that it will not significantly influence ECa except at very low groundwater
conductivities.
The poor correlation between ECa and %C shown in Figure 2-7 indicates that ECa is
not significantly influenced by ECs.  Figure 2-11 A shows that the correlation between
ECa and CEC is also poor.  These poor correlations result from the dominance of
salinity (ECw) over surface electrical conductivity, as described above, but are also
because the soils are dominated by kaolinitic clays which have low cation exchange
capacities.  The decrease in CEC with depth shown in Figure 2-1 lB is probably
because sedimentary and soil kaolins have a larger surface area than saprolitic
kaolins and hence also a larger CEC (Singh and Gilkes, 1992).
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Figure 2-11.Relationship between CEC and (A) ECa and (B) depth.
Figure 2-12A shows a definite correlation between ECa and the exchangeable
sodium percentage (ESP) while Figure 2-12B shows that nearly all the samples were
strongly sodic (ESP > 15; Northcote and Skene, 1972), regardless of their depth
(unfortunately, the relationship between sodicity and landscape position could not be
determined from the data, since most of the samples were taken from lower slope
and valley floor positions).
Visual inspection of profiles presented in Isbell et al. (1983) also shows a positive
relationship between ECa and ESP.  However, it is unlikely that the dependence of
ECa on ESP is directly through the influence of ESP on ECs. Rather, it is more likely
that ESP affects ECa indirectly through ECw, since soil sodicity is generally positively
correlated with soil salinity (McArthur, 1991).  Alternatively, the hygroscopic nature of
sodic soils may cause them to retain a relatively large amount of water as they
become dried out by plants and deep drainage.  The first possibility is not
substantiated by the Department of Agriculture data
(r2 = 0.06 for ESP vs ECw) while the second could not tested for lack of field values
of 9.  The cause for the correlation between ECa and ESP thus remains uncertain.
Another possibly is that sodicity influences the arrangement of soil pores and
therefore also the transmission coefficient (T).
Department of Agriculture data
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Figure 2-12.Relationship between ESP and (A) ECa and (B) depth.
Determination of surface electrical conductivity
Figure 2-13A shows that the slope of the ECa vs. ECw plot depends on 0 while
Figure 2-13B shows that the relationship between ECa and ECw becomes curvilinear
at ECw < ~ 350 mS/m.  These are the expected relationships shown in Figure 2-1
and Figure 2-2, respectively.
It has already been mentioned that ECs can be determined by extrapolating the
linear (high ECw) portion of an ECa vs. ECw plot to ECw = 0. The value of ECs
thereby obtained is independent of 0 and should be proportional to the %C.
However, Figure 2-14 shows that the expected dependence of ECs on %C is not
apparent in the CSIRO data and that a value of ≈ 45 mS/m is representative of all the
samples taken together.  This is a larger value of ECs than predicted by Eq. [2-3] or
Eq. [2-4] if the average %C for the CSIRO data is used (14.9 per cent), or if the
average CEC for the Department of Agriculture data is used (5.4 meq/100 g soil).
The plot of ECa vs %C1- for all of the CSIRO data (Figure 2-4) also yielded an
intercept of 45 mS/m, indicating that such a plot is also suitable for determining ECs
providing it contains a large number of high salinity data points.
Department of Agriculture data
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Figure 2-13.Relationship between ECa and ECw:  (A)  over entire range of ECw as a function of
θ;
(B)  over low range of ECw.
Figure 2-14.Relationship between ECa and ECw as a function of %C.
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2.3.2.5 Transmission coefficient
The contribution to ECa that is attributable to the soil pore geometry (tortuosity) and
the degree to which the pores are filled with water is called the transmission
coefficient (T).
The determination of T as a function of θ for a particular soil texture (%C range) is a
two step process.  Firstly, T may be calculated for each sample through the re-
arrangement of Eq. [2-1], if ECa, 9, ECw and ECs are known.  Eq. [2-2] shows that a
line of best fit in a plot of T (calculated) vs. 0 can then be used to derive the constants
a and b.  However, such a plot which included all of the CSIRO data did not show
clear groupings in terms of soil texture.  Consequently, the following determination of
T was made, irrespective of texture:
T = 0.758 + 0.025 [2-11]
In the foregoing discussion it was assumed that T (a and b) is solely a function of soil
texture and in particular clay percentage.  This is probably incorrect and it is likely
that other properties, such as soil structure, fabric and permeability also play an
important role.  The non-texture related variation among the lower entries in Table 2-
3 supports this hypothesis.
2.3.2.6 Predicted vs observed ECa and error analysis
ECa was calculated using Eq. [2-1] and the values of 0, ECw, T (a and b)and ECs
derived by the procedures described above. For the CSIRO data, a near 1:1
relationship with a high correlation coefficient (r = 0.94, P < 0.005) was established
between predicted and observed ECa (Figure 2-1 5A).  The model thus adequately
describes the relationship between ECa and soil properties for the East Yornaning
data over the range of ECw > 350 mS/m.
The plot of predicted vs observed ECa for the Department Agriculture data yielded a
lower correlation coefficient (r = 0.82, P < 0.005), a slope of 1.12 and an intercept of
19.92 mS/m when all of the data were considered.  Subsequent error analysis
showed that predicted ECa was too high for the lower group of holes (Y2, Y3A, Y9,
Y10, Y14) and too low for some of the upper group of holes (Y3B, Y4, Y7, Y23, Y28)
in the ECa vs %CF plot (Figure 2-5).  This indicates that the correct values of θ or T
(a and b) were not used during the calculation of ECa.
The source of error is less likely to lie with T than θ, since θ was inaccurately
determined and the samples from the two groups were not widely different in terms of
lithobogy.  For the overpredicted group of holes, a reduction in θ (and therefore ECa)
is best achieved through a decrease in ρb rather than in SP, since a reduction in SP
will further increase ECw beyond its already anomalously high values for these holes
(Figure 2-10A).  Likewise, in the case of the underpredicted holes, an increase in θ is
best achieved through an increase in ρb.
A near 1:1 relationship with a high correlation coefficient (r = 0.90, P < 0.005)
between predicted and observed ECa for the Department of Agriculture data was
brought about by increasing ρb to 1.5 for those holes in which ECa was
underpredicted and decreasing ρb to 1.0 for those holes in which ECa was
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overpredicted (Figure 2-l5B).  Although these values of ρb may be unrealistic, they
provided an effective means of adjusting the estimates of 0 to values that are
supported by the fit between measured and predicted ECa. The poor result for the
Department of Agriculture in comparison to the CSIRO data is thus mainly due to
using estimates of θ and indicates that it is difficult to calibrate the model using
standard Department of Agriculture bore hole data, which does not include
measurements of the bulk density or the field gravimetric water content.
Correlation coefficients between predicted and observed ECa were 0.94 and 0.90 for
the CSIRO and the Department of Agriculture data sets, respectively.  The matching
correlation coefficients between observed ECa and %C1 are 0.93 and 0.75.  For the
CSIRO data this means that ECa could be predicted with about equal reliability using
either the regression relationship with %CF or by applying the model.  However, in
the case of the Departmento f Agriculture data, a substantial improvement in
correlation is achieved through the use of the model.  This applies particularly when
all of the bore holes are considered together, i.e. on the collective level; but also
improves the correlation for each individual bore hole, i.e. on the site-specific level.
Figure 2-15.Comparison between predicted and observed ECa:  (A)  CSIRO data;
(B)  Department of Agriculture data.
Department of Agriculture
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2.3.2.7 ECa as a function of lithostratigraphic units
For the sake of convenience, all of the regolith materials in this chapter have been
termed soil, regardless of the lithostratigraphic unit to which they belong (1.3.2).
The ability to discriminate between lithostratigraphic units on the basis of apparent
electrical conductivity would be of great value to hydrogeological interpretations,
especially those which provide inputs for distributed groundwater modeling.
Clearly, ECa will only be able to distinguish between lithostratigraphic units if they are
significantly different in terms of ECs, T, θ, or ECw.  Furthermore, these variables
must interact in such a way as to produce a substantial nett difference in ECa
between adjacent units.  With the exception of ECw, all of the variables are largely
texture dependant.  The potential thereby exists for ECa to discriminate between
lithostratigraphic units, should they be sufficiently different in terms of texture.  For
example, in the saturated zone, clay rich materials would be expected to have a
relatively large ECs, T (a and b) and θ.  Although the resultant increase in ECa may
be large, it would only be detectable if ECw was either relatively low, virtually
constant or acting in unison with the other variables.
The preceding analysis has shown that variations in θ or ECw as a function of
lithostratigraphic units stand a higher chance of being detected by electromagnetic
means than ECs or T because the former dominate the EM signal.  An assessment
of whether θ or ECw vary according to lithostratigraphic units can be made by
comparing their profiles with lithological logs (not presented here).  The position of
the basement unconformity is particularly relevant because it represents the most
abrupt and widespread change in lithology within the stratigraphic column at East
Yornaning (Figure 1-4).  Its position has been marked on the profiles for the bore
holes Y4l-Y47 in Appendix 1.
The relationship between volumetric water content and lithology
The profiles do not show an obvious variation in volumetric water content as a
function of lithology, though a reduction in θ often occurs within the saturated zone at
the base of the saprock (Y42, Y43, Y45, Y46, Y47, ).  This can usually be related to
an increase in bulk density and a decrease in the gravimetric water content (data not
shown).  Frequently, a reduction in θ also occurs in the unsaturated zone at the land
surface.  Here, it results from the coarse texture of the surface sediments or
evapotranspiration and is not accompanied by an increase in ECw which is kept low
through leaching of salts by rainfall (Y41, Y42, Y51).
The profile plot of bore hole Y43 indicates that the Nuendah Formation valley fills
have a low saturated θ, especially in comparison to the underlying saprock.  Further
evidence for this is provided by Y14 which has a very high salinity but low θ (2.3.2.6).
However, in no case is the low volumetric water content clearly manifested in the
ECa(EM39) response.
The relationship between salt content and lithology
The regolith profiles frequently exhibit a bulge in ECw just above the basement
unconformity.  It ranges in development (compare Y41, Y42, Y45) and probably
results from a reduction in permeability and a consequent increase in water use by
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the native vegetation at this depth before clearing.  Although the ECw bulges
sometimes translate into ECa(EM39) bulges (Y42, Y45), they are relatively small and
detailed ECa profiles would be required for them to be resolved.  Thin zones of high
ECw are also common (Y2, Y3B, Y6, YlO, Y20), but in these cases their large depth
and multiple occurrence per profile suggests that they are unrelated to the position of
the basement unconformity.
Many authors have observed that the pallid zone (herein referred to as saprolite) is
the primary repository of salt in the regolith (Bettenay et al. 1964; Dimmock et
al.1974; Mulcahy, 1978; Herbert et al. 1978; and Johnston, 1981).  Observation of
those bore holes with a particularly well developed saprolite (Y27, Y4l, Y42) appears
to corroborate this observation in that the upper limit of the main bulge coincides with
the basement unconformity.  However, the saprolite is by no means the primary
repository for salt in the catchment.  Rather, the regolith salinity shows variations with
locality and depth that are much more attributable to the position in the landscape
than to lithostratigraphic units.  The relationship between regolith salinity and
landscape position is discussed in 3.2.2.
Despite the lack of a consistent relationship between lithostratigraphic units and
salinity, analyses of field exposures show that fine grained materials tend to be highly
saline.  For example, samples of highly kaolinised mafic dykes and clay rich (possibly
lacustrine) sediments at East Yornaning were both extremely saline with up to 2 per
cent C1-.  Further evidence for the high salt content of weathered mafic dykes is
provided by bore holes Y9 and YlO which are both situated in outcrops of highly
altered meta-quartz-dolente.  These bore holes are among the few in the catchment
in which the ECa(EM39) exceeds 100 mS/m in the top metre (Table 3-6), yet have
depths to groundwater of 8-10 m, clearly eliminating any evaporative concentration of
salts at the surface.  Likewise, a comparison between the position of a 20-30 m wide
mafic dyke and areas of high ECa(EM34)20H reported by Engel et al. (1989), shows
that the area of high ECa is associated with the groundwater discharge area up-slope
of the dyke and the dyke itself, especially if the modeled (southerly) position of the
dyke is used (Engel et al. 1987).
The high apparent electrical conductivity of weathered mafic dykes probably results
from the combined effects of high salt and volumetric water contents and suggests
that such features may act as vertical electrical conductors within the landscape.
However, the detection of weathered dykes by electromagnetic means would depend
on the electrical conductivity-width product of the dyke, the salinity of the surrounding
regolith and the spatial resolution of the detecting instrument.
At the local scale, variations in lithology may control the distribution of tree roots
which act as conduits to groundwater flow (macropores) and thereby cause
differences in water and salt content to develop.  For example, Johnston et al. (1983)
found that the deep roots of Jarrah trees (Eucalyptus marginata) prefer granitic to
doleritic saprolite and were most concentrated at the contact between the two.
Similarly, Johnston (l987a) attributed abrupt changes in C1- profiles to water that is
channeled along basement structures such as quartz veins.  However, all these
features are probably too inconsistent and small to be reliably determined using
electromagnetic data.
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2.4 Conclusions
A model for predicting ECa from soil properties has been applied to a large number
of regolith samples from the East Yornaning Catchment.  The model overcomes the
limitation of using site-specific regressions to predict ECa from salinity data and has
allowed for the relationships between other soil properties and ECa to be more fully
evaluated.
For the CSIRO data, ECa was almost wholly determined by the electrical conductivity
of the groundwater but the spread of data in the ECa vs. %C1- plot for the
Department of Agriculture data indicated that ECa is was also influenced by the
volumetric water content or transmission coefficient.  However, the lack of accurate
data for the Department of Agriculture samples prevented identification of which
variable was responsible, though the volumetric water content is considered most
likely.
At East Yornaning, the surface electrical conductivity component plays an
insignificant role in the determination of ECa because the clay fraction is dominated
by kaolinites which have low cation exchange capacities and because its influence is
masked by high and variable levels of regolith salinity.  Furthermore, the clay
percentage is poorly correlated with the volumetric water content thereby eliminating
an indirect influence on ECa.
The results of this study suggest that it would be difficult to use ECa to discriminate
between the hydrogeologically significant lithostratigraphic units required for
distributed groundwater modeling.  It would also be difficult to use ECa to define the
depth to water since the top of the saturated zone is generally not marked by an
abrupt change in volumetric water content, particularly when it is in the saprolite or
saprock.
While the model has proved useful when used in the forward sense, it would not be
possible to use it in the reverse sense; that is to predict ECs, T, θ and ECw from
ECa.  However, the outstanding correlation between ECa and ECw suggests that the
form or shape of salinity profiles may be inferred from the ECa profiles with a fair
degree of confidence.  Accurate estimates of the actual salinity values will require
assumptions about the distribution of θ and T (a and b) and will thus be more
equivocal.
In conclusion, this part of the study has shown that soil salinity is the property that
can be most reliably estimated from ECa.  The hope is, therefore, that the regolith
salinity distribution can provide an indirect source of information for the interpretation
of catchment hydrogeology.  The use of regolith salinity for interpreting recharge and
discharge has received particular attention in the literature and is the subject of
discussion in Chapter 3
